Purpose We evaluated the value of variable 18 F-FDG PET/ CT parameters for the prediction of disease progression after concurrent chemoradiotherapy (CCRT) in patients with inoperable stage III non-small-cell lung cancer (NSCLC). Methods One hundred sixteen pretreatment FDG PET/CT scans of inoperable stage III NSCLC were retrospectively reviewed (stage IIIA: 51; stage IIIB: 65). The volume of interest was automatically drawn for each primary lung tumor, and PET parameters were assessed as follows: maximum standardized uptake value (SUV max ), metabolic tumor volume (MTV) using the boundaries presenting SUV intensity exceeding 3.0, and the area under the curve of the cumulative SUV-volume histograms (AUC-CSH), which is known to reflect the tumor heterogeneity. Progression-free survival (PFS), locoregional recurrence-free survival (LRFS), and distant metastasis-free survival (DMFS) were compared with each PET and clinical parameters by univariate and multivariate survival analysis. Results In the ROC analysis, the optimal cutoff values of SUV max , MTV (cm 3 ), and AUC-CSH for prediction of PFS were determined as 21.5, 27.7, and 4,800, respectively. In univariate analysis, PFS was statistically significantly reduced in those with AUC-CSH<4,800 (p =0.004). In multivariate analysis, AUC-CSH and SUV max were statistically significant independent prognostic factors (HR 3.35, p <0.001; HR 0.25, p =0.008, respectively). Multivariate analysis showed that AUC-CSH was the most significant independent prognostic factor for LRFS and DMFS (HR 3.27, 
Introduction
Lung cancer is a leading cause of cancer-related death worldwide [1] , with non-small-cell lung cancer (NSCLC) accounting for 85 % of all lung cancer [2] . The majority of patients with locally advanced or advanced NSCLC are inoperable and incurable. Concurrent chemoradiotherapy (CCRT) is recommended as the standard of care for patients with inoperable locally advanced NSCLC (stage III); however, its outcomes remain disappointing [3, 4] . Therefore, a more accurate prognostic factor is needed to select patients who are likely to benefit from treatment and to improve the outcome for NSCLC patients. Many prognostic factors, such as disease stage, performance status, and other clinical and therapeutic variables, have been suggested in stage III NSCLC [5] . Moreover, use of imaging parameters such as metabolic variables as predictors for stage III NSCLC patients have been suggested in pretreatment and posttreatment imaging scans. Although predicting response to therapy using the pretreatment imaging scan alone can allow the optimization of patient management, the amount of literature specifically dealing with pretreatment imaging parameters as prognostic factors in stage III NSCLC is limited. 18 F-fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT) has already been well established for the diagnosis and staging in variable cancers including NSCLC. Furthermore, FDG PET/CT has become an important tool used to predict prognosis. The intensity of the FDG uptake value such as the maximum standardized uptake value (SUV max ) and the metabolic tumor burden value such as the metabolic tumor volume (MTV) have demonstrated prognostic potential for the prediction of outcome [6] [7] [8] . However, according to a meta-analysis by Berghmans and colleagues, it remains unclear whether SUV is independent of other prognostic factors such as disease stage and performance status [6] . Moreover, recent studies have shown that the pretreatment FDG uptake value and metabolic tumor burden value of the primary tumor were not related to therapeutic response or outcome after radiotherapy (RT) or CCRT [9] [10] [11] .
There is increasing interest in intratumoral metabolic heterogeneity on pretreatment FDG PET/CT to predict the therapeutic response in cancer [12] . However, the usefulness of intratumoral metabolic heterogeneity for prediction of prognosis in patients with NSCLC is unexplored. Thus, we evaluated the value of intratumoral metabolic heterogeneity analysis including other conventional PET parameters for the prediction of disease progression after CCRT in patients with inoperable stage III NSCLC.
Materials and Methods

Patients
We retrospectively reviewed primary tumors in pretreatment FDG PET/CT scans of pathologically confirmed inoperable stage III NSCLC between January 2005 and December 2010. The staging included pathologic examination from specimens obtained by transbronchial or transthoracic biopsies, torso FDG PET/CT, contrast-enhanced chest CT, and contrastenhanced brain MRI. A disease stage was assigned according to the American Joint Committee on Cancer (AJCC) staging system, 7th edition. The following are criteria for the inclusion of patients to this study: patients without a history of previous chemotherapy or thoracic radiotherapy due to another type of cancer; patients without a history of surgery for lung cancer treatment; patients with initial treatment with CCRT with or without consolidation chemotherapy. The exclusion criteria were as follows: primary tumors abutting FDG-avid lesions such as lymph nodes, inflammation, and atelectasis; primary tumors including empty lumens of the trachea or bronchus in the inner portion of the tumor; multifocal primary tumor lesions; a primary tumor less than 1.0 cm in diameter. In 49 patients, distinguishing the FDG accumulation of the primary tumor from that of lymph nodes, inflammatory lesions, or atelectasis was difficult because the primary tumor was abutting hypermetabolic lymph nodes or inflammatory lesions. In nine patients, distinguishing the MTV of the primary tumor was difficult because an empty lumen of the bronchus or trachea was located in the inner portion of the primary tumor. In six patients, choosing the primary tumor was difficult because there were multifocal primary tumors. In three patients, measurement of heterogeneity was inappropriate because of a partial volume effect in small-sized lesions. Finally, a total of 116 patients with inoperable locally advanced NSCLC were selected for this study.
Treatment
On day 1, thoracic radiotherapy was begun at a dose of 1.8-2.4 Gy/fraction, followed by daily administration of 25-36 fractions. The mean total dose of radiation administered was 68 Gy (dose range, 36-90 Gy). The chemotherapy consisted of cisplatin and paclitaxel concurrently administered on day 1, 8, 15, 22, 29, and 36. Some patients received consolidation chemotherapy after CCRT. After the treatment, a chest X-ray was performed monthly, a chest contrast-enhanced CT scan first at 1 month and after that every 3 months, and FDG PET/CT every 6 months.
Imaging Acquisitions
All patients underwent pretreatment FDG PET/CT scans. Scans were obtained using the Discovery ST PET/CT scanner (GE Medical Systems, Milwaukee, WI, USA). Patients were instructed to fast for at least 6 h before intravenous administration of 18 F-FDG. The serum glucose levels were found to be 8.3 mmol/l or less. The dose of injected 18 F-FDG was 7.4 MBq/kg body weight. Image acquisition for torso scanning was begun at about 1 h after the injection of 18 F-FDG. A low-dose CT scan was performed for attenuation correction from the skull base to the upper thigh. We used a standardized protocol for the CT using parameters with the following settings: 120 kV, from 10 to 130 mA, rotation time 0.7 s, field of view (FOV) 50 cm; scan length 40-50 s and slice thickness 3.75 mm. Immediately after the CT, PET was performed with 15.7 cm axial FOV acquired in 2D mode with 150 s/ bed position. The PET data sets were reconstructed iteratively with an ordered subset expectation maximization (OSEM) algorithm.
Image Analysis
Semiquantitative measurements of metabolic uptake in FDGavid tumors in pretreatment scans were evaluated for their potential to predict the prognosis after CCRT. Image analysis was performed using P-mode software (PMOD Technologies, Ltd., Zurich, Switzerland). The primary tumor lesion was used for evaluation of the SUV max , MTV, and intratumoral metabolic heterogeneity.
SUV max based on body weight, MTV, and intratumoral heterogeneity were measured with P-mode software. First, a volume of interest (VOI) encasing the primary tumor in the axial, coronal, and sagittal PET/CT images was drawn. The boundaries of voxels that have an SUV intensity greater than 3.0 were automatically produced (Fig. 1a) . The SUV max of the primary tumor was measured from the PET image. MTV, Fig. 1 Measurement of intratumoral metabolic heterogeneity using VOI automatically produced by Pmode software (a) and CSH (b). Abbreviations: VOI volume of interest; CSH cumulative SUVvolume histogram; SUV max maximum standardized uptake value Fig. 2 Tumor with a lower degree of heterogeneity (a) showed higher AUC-CSH (b) and tumor with a higher degree of heterogeneity (c) showed lower AUC-CSH (d). Abbreviations: AUC-CSH area under the curve of the cumulative SUV-volume histogram; SUV max maximum standardized uptake value defined as the total primary tumor volume, was automatically obtained using the boundaries of voxels presenting SUV intensity exceeding 3.0. In the case of presenting of any voxel showing lower SUV than 3.0 in the boundary of the primary tumor, MTV was obtained by the manual method based on the CT and PET images. Intratumoral metabolic heterogeneity was evaluated by the area under the curve of cumulative SUV-volume histograms (AUC-CSH), which was known to reflect the tumor heterogeneity [13] . A cumulative SUV-volume histogram (CSH) was obtained by plotting the percent volume of a tumor with an SUV above a certain threshold against that threshold, which was varied from 0 to 100 % of SUV max (Fig. 1b) . The area under the curve of these plots, AUC-CSH, is a quantitative index of heterogeneity in 18 F-FDG uptake, with lower AUC corresponding to higher degrees of heterogeneity [13] (Fig. 2) . For calculating the percent volume of the tumor, the threshold SUV intensity value exceeding 3.0 was used as a gross tumor volume.
Statistical Analysis
To evaluate the prognostic value of PET parameters in identifying the 2-year progression-free survival status, the optimal cutoff values of SUV max , MTV, and AUC-CSH were determined in receiver-operating characteristic (ROC) curve analysis. Start dates for all survival estimates were the date of the pretreatment FDG PET/CT scan. Progression-free survival (PFS) was defined as the interval from that date to the date of locoregional or systemic disease progression, death, or last follow-up; locoregional recurrence-free survival (LRFS) from that date to the date of locoregional recurrence (LR), death, or last follow-up; distant metastasis-free survival (DMFS) from that date to the date of distant metastasis (DM), death, or last follow-up. Disease progressions were defined as locoregional, with failure in or adjacent to the radiation planning target volume or in the ipsilateral hilus, mediastinum, or supraclavicular fossa; or distant, with failure at other sites. The disease progression was determined by using the Response Evaluation Criteria in Solid Tumors (RECIST). PFS, LRFS, and DMFS curves were produced using the Kaplan-Meier method. Log-rank and Cox regression analysis was used to develop the univariate and multivariate models describing the association of the independent variables with PFS, LRFS, and DMFS.
Results
Patient Characteristics
The patient characteristics in this study are listed in Table 1 . The total of 116 patients (105 men and 11 women, mean age 66 years, range 44-83 years) consisted of 51 patients with stage IIIA and 65 patients with stage IIIB. On pathological examination, 85 were diagnosed with squamous cell carcinoma, 27 with adenocarcinoma, 1 with large-cell carcinoma, and 3 with non-specified NSCLC. The median total dose of radiation was 66 Gy (range, 36-90 Gy). In ROC analysis, the optimal cutoff values of size (cm), SUV max , MTV (cm 3 ), and AUC-CSH were 5.0, 21.5, 27.7, and 4,800, respectively.
Survival Analysis
At the time of analysis, 76 patients had progressed or died, 34 had been in a progression-free state, and 6 were lost to followup. The median follow-up time for the surviving patients was 47.8 months, with a range of 16.0-87.4 months. The median PFS was 16.4 months, with a range of 2.7-75.4 months. The median PFS of patients with low AUC-CSH (<4,800) was significantly shorter than that of patients with high AUC-CSH (≥4,800) [11.8 vs. 43.7 months for progression (p =0.004)] (Fig. 3a) . The median PFS of patients with low SUV max (≤21.5) was also significantly shorter than that of patients with high SUV max (>21.5) [15.6 vs. 60.0 months for progression (p =0.026)] (Fig. 3b) . Median PFS between the patients with low MTV (≤27.7) and high MTV (>27.7) was not significantly different [28.1 vs. 12.2 months for progression (p =0.154)] (Fig. 3c) .
Following univariate analysis, low AUC-CSH (<4,800), low SUV max (≤21.5), and high LDH (>472) were significant predictors for poor PFS ( (Table 2) .
In LRFS analysis, univariate analysis showed that low AUC-CSH (<4,800) and high LDH (>472) were significant predictors for poor LRFS (Fig. 4, Table 2 ). On multivariate analysis, low AUC-CSH (<4,800) [hazard ratio (HR) 3.27 for locoregional progression (p =0.002)] was the most statistically significant independent prognostic factor for poor LRFS. Abbreviations: AUC-CSH area under the curve of cumulative SUVvolume histograms; SUV max maximum standardized uptake value; MTV metabolic tumor volume Table 2) . In DMFS analysis, univariate analysis showed that the high SUV max was a significant predictor of poor DMFS (Fig. 5 , Table 2 ). On multivariate analysis, a low AUC-CSH (<4,800) [hazard ratio (HR) 2.79 for distant area progression (p =0.003)] was the most statistically significant independent prognostic factor for poor DMFS. High SUV max (>21.5) [HR 0.15 for progression (p =0.011)] was associated with improved DMFS. Adenocarcinoma [hazard ratio (HR) 1.92 for distant area progression (p =0.036)] was also an independent prognostic factor for poor DMFS ( Table 2) .
Correlation of the variable PET parameters was calculated with the Pearson coefficient. SUV max and AUC-CSH showed a moderate negative correlation (Pearson correlation r =−0.66). MTVand size were not significantly correlated with AUC-CSH (r =−0.49 and −0.43).
Discussion
This study showed that intratumoral metabolic heterogeneity of the primary tumor in pretreatment FDG PET/CT can predict disease progression after CCRT in inoperable locally advanced NSCLC patients. In our study, AUC-CSH, which is a quantitative index of intratumoral heterogeneity, is a strong independent prognostic factor for disease progression.
Moreover, AUC-CSH is better than SUV max , MTV, or clinical factors predicting PFS, LRFS, and DMFS.
Several investigators have evaluated the usefulness of pretreatment FDG PET/CT for predicting outcomes for variable stage patients with NSCLC, and several cutoff SUV levels have been proposed [14, 15] . However, other recent studies [9] [10] [11] including variable stage patient groups have found that pretreatment FDG uptake of the primary tumor was not related to the therapeutic response or outcome after RT or CCRT. These discrepancies were also seen in a few studies including only locally advanced NSCLC patients. Ohno et al. demonstrated that the median PFS and OS period of patients with a pretreatment SUV max of primary tumors <10.0 was significantly longer than that of patients with a SUV max ≥10.0 [15] . However, Lopez Guerra et al. found that the pretreatment SUV max of the primary tumor was not associated with any survival outcome after definitive RT [10] . Although we observed that the median PFS and DMFS period of patients with a high SUV max (>21.5) was significantly longer than that of patients with a low SUV max (≤21.5), the optimal cutoff value was extremely high so the number of high SUV max patients was only 13.
Furthermore, the MTVof the primary tumor at the pretreatment FDG PET scan in advanced NSCLC patients as well as the SUV max has not shown a significant difference between the responders and nonresponders in recent studies [9] . Consistent with these findings, we did not observe a significant relationship between the pretreatment MTVof the primary tumor and PFS in locally advanced NSCLC.
The intratumoral heterogeneity of malignancy can provide a novel, independent predictor of outcome. This supposition is [12] . The underlying mechanisms, which might explain why heterogeneous tumors would have a worse initial prognosis in some kinds of malignancies, are not well established. Resistance to radiotherapy or chemotherapy is known to be associated with intracellular hypoxia and cancer stem cells [17, 18] . Intratumoral heterogeneity of FDG distribution, meanwhile, can be affected by many factors at the cellular level. Especially in an intracellular hypoxic condition, FDG preferentially accumulates in macrophages and granulation tissues surrounding necrotic foci [19] . However, FDG accumulates less in necrotic infiltration than in tumor cells [20] . Furthermore, cancer stem cells showed a significantly lower glucose uptake than tumor cells [21] . FDG uptake is also related to the expression of GLUT and hexokinase, vascularization, and tumor cell proliferation [22] [23] [24] . Therefore, intratumoral metabolic heterogeneity could reflect the physiologic processes related to response to CCRT.
In the present study, the cutoff value of SUV max was relatively higher than in other studies. Lee et al. revealed that the initial SUV max was greater in squamous cell carcinoma thanin non-squamous cell carcinoma in stage IIIA non-smallcell lung cancer [25] . The relatively high proportion of squamous cell carcinoma patients compared to other histopathological subtypes might explain the reason for the high cutoff SUV max value in the present study.
The prognostic value of LDH levels has been shown in several studies [25, 26] . Consistent with these studies, we observed that high serum LDH levels at diagnosis may predict a short LRFS time after CCRT. LDH was considered a marker of tumor hypoxia or increased anaerobic metabolism [27] . The Our study has several limitations. First, we sometimes use partially manually drawn VOIs in some cases when using automated software for measuring MTV. With the primary tumor we encountered adjacent FDG-avid lesions (inflammation, atelectasis, and lymph nodes) or structures (myocardium, liver). If we could easily identify the adjacent FDG-avid lesion or structure using anatomic information obtained from PET/CT, we manually subtracted them and let the case be included in the inclusion criteria. However, if we could not easily identify the adjacent FDG-avid lesions or structures, we excluded the case. We also encountered the primary tumor presenting any voxel showing a lower SUV than 3.0 in the boundary of the primary tumor. In that portion, the MTV boundary was obtained by a partially manual method based on the enhanced CT and PET images.
Second, because of the retrospective study design, different detailed treatment regimens could affect the treatment outcome. However, the AUC-CSH was the most significant prognostic factor regardless of the regimen or the number of cycles of chemotherapy and radiation dose.
Conclusion
We demonstrated that intratumoral metabolic heterogeneity of the primary lung tumor in pretreatment FDG PET/CT might have better potential than FDG uptake intensity, metabolic tumor burden, or clinical factors for prediction of disease progression after CCRT in patients with inoperable stage III NSCLC. The AUC-CSH, which is a quantitative index of intratumoral heterogeneity, is a strong independent prognostic factor for disease progression after CCRT. Lower AUC-CSH can predict early disease progression in stage III NSCLC. These results suggest that intratumoral metabolic heterogeneity might reflect the physiological processes related to response to CCRT.
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